Purpose: Pseudomonas aeruginosa causes complicated and/or nosocomial UTI. These infections are usually associated with severe and multi-drug resistant P. aeruginosa isolates. As there is no study about the activity of novel antibiotics ceftazidime-avibactam (CZA) and ceftolozanetazobactam (C/T) against P. aeruginosa isolates in Iran, we aimed to evaluate for the first time the efficacy of these agents against P. aeruginosa isolated from patients with UTI in Iran. Then, the genetic diversity of the resistant isolates was assayed. Methods: In this study, a total of 200 P. aeruginosa isolates were collected from patients with UTI in Tehran, Iran. Disk diffusion and Minimum Inhibitory Concentration (MIC) methods were applied to determine the resistance of the isolates to CZA, C/T, and the other antibiotics. Extended-spectrum β-lactamases (ESBLs) and Metallo Beta Lactamase (MBL) production were assayed by Combination disk diffusion test (CDDT). Polymerase chain reaction (PCR) was carried out to detect the resistance genes, including beta-lactamases and carbapenemases genes. Finally, genomic analysis of the isolates was performed using the Pulse field gel electrophoresis (PFGE). Results: Among the isolates, 16 (8%) were resistant to CZA and C/T that MIC confirmed it. The resistant isolates showed high resistance to the other classes of antibiotics. Among the resistant isolates, 31.2% and 75% were ESBL and MBL producers, respectively. The prevalence of bla OXA10 , bla VIM , bla OXA48 , bla OXA2 , and bla CTX-M was 100%, 50%, 31.2%, 25%, and 12.5%. Furthermore, two isolates (12.5%) harbored bla PER and bla NDM genes. The resistant isolates were grouped into 14 distinct pulsotypes and two shared pulsotypes were found. Conclusion: Ceftazidime-avibactam and ceftolozane-tazobactam showed high activity against the P. aeruginosa isolated from patients with UTI in Iran. The low rate of resistance to the antibiotics is also alarming and should be considered to avoid further spreading of the antibiotic resistance among the P. aeruginosa and the other bacteria.
Introduction
Urinary tract infection (UTI) is one of the most common bacterial infections affecting women and men throughout their life periods. 1 The most common agents responsible for UTIs are members of Enterobacteriaceae family such as Escherichia coli, Proteus mirabilis, and Klebsiella pneumoniae and Pseudomonas aeruginosa. 2 P. aeruginosa is originally an environmental bacterium considered as a potential opportunistic pathogen which usually infects the hospitalized and immune-compromised patients. P. aeruginosa strains are regarded as a common cause of nosocomial UTIs, especially among patients hospitalized in the intensive care unit (ICU). These infections are associated with different forms of severe UTIs, including prostatitis, urolithiasis, and UTIs associated with urinary instruments such as indwelling catheters. 2 Increasing antibiotic resistance and limits in the treatment options is a growing challenge for infections caused by P. aeruginosa strains in hospitals. Also, the infections caused by multi-drug resistant (MDR) P. aeruginosa causes significant mortality and morbidity, increase the hospitalization and healthcare costs compared with the infections caused by susceptible strains. These show the need for further researches on antibiotic resistance of P. aeruginosa strains and introduction of new antimicrobial compounds. 3 Ceftazidime-avibactam (CZA) combines a thirdgeneration cephalosporin with a novel broad-spectrum class of non-β-lactam beta-lactamase inhibitor that binds to the active site of β-lactamases. 4 Avibactam has inhibitory effects against a wide range of β-lactamase enzymes from different β-lactamases classes, including class A (extended-spectrum β-lactamases (ESBLs) and KPC), class C (CMY, ACT, and FOX), and some numbers of class D such as OXA-48 β-lactamase. Furthermore, avibactam has shown a more inhibitory effect in comparison to the common β-lactamase inhibitors such as clavulanic acid, sulbactam, and tazobactam. 5 Ceftolozane-tazobactam (C/T) is a mixture of a new cephalosporin merged with a β-lactam β-lactamase inhibitor called tazobactam. Tazobactam irreversibly binds to the active site of β-lactamases and protects ceftolozane from destruction by the majority of β-lactamases such as ESBLs enzymes; however, it does not improve its activity against pathogens such as P. aeruginosa. 6 Unlike avibactam, the studies demonstrated that tazobactam has no ability in inhibiting AmpC β-lactamases and several carbapenemases such as OXA-48, KPC-2, and KPC-3. Recently, ceftazidime-avibactam and ceftolozanetazobactam were approved by the US Food and Drug Administration (FDA) and by the European Medicine Agency (EMA) to treat infections such as complicated urinary tract infections (CUTIs), complicated intra-abdominal infections (CIAIs), and complicated hospital-acquired pneumonia (HAP) in patients with limited treatment options. 8 The present study aimed, for the first time in Iran, to evaluate the efficacy of ceftazidime-avibactam and ceftolozane-tazobactam against P. aeruginosa isolates from patients with UTIs in two Iranian hospitals. It also assayed the molecular mechanisms and genetic diversity of the isolates with the capability of resistance to ceftazidime-avibactam and ceftolozane-tazobactam.
Materials and Methods

Isolation and Identification of P. aeruginosa Isolates
In this study, during the period from March to October 2018, 200 P. aeruginosa isolates were collected from outpatients (n=100) and inpatients (n=100) in two general hospitals (A and B) in Tehran, Iran. These isolates were collected from urine specimens of patients with UTI symptoms. After transporting the samples to the Department of Molecular Biology, Pasteur Institute of Iran, the isolates were again inoculated into MacConkey agar medium and pure colonies were identified according to the routine identification tests for P. aeruginosa including Gram staining and biochemical tests such as oxidase, catalase, oxidative-fermentative test, growth on media TSI, SIM, cetrimide agar, and growth at 42°C. Then, confirmed isolates were preserved in Trypticase soy broth media (TSB) containing 20% glycerol and stored at −70°C until further use. 9 No ethical approval was obtained for collecting the clinical isolates since they were collected during routine bacteriological analysis in the involved hospitals.
Susceptibility Tests Including Disc Diffusion and MIC
At first, the susceptibility pattern of P. aeruginosa isolates to ceftazidime-avibactam (30µg/20µg) and ceftolozanetazobactam (30µg/10µg) (MAST Co. UK) was assayed using disk diffusion method (Kirby-Bauer). Then, the susceptibility patterns of the ceftazidime-avibactam and ceftolozane-tazobactam resistant isolates to the other antibiotics, including imipenem (10μg), ertapenem (10μg), cefotaxime (30μg), cefoxitin (30µg), ceftazidime (30µg), cefepime (30µg), amikacin (30μg), gentamicin (10μg), ciprofloxacin (5μg), nitrofurantoin (300µg), levofloxacin (10μg), aztreonam (10μg), and fosfomycin (200µg) (MAST Co, UK), were evaluated. 10 For performing disk diffusion method, isolates were cultured on Muller-Hinton agar plates (Merck, Germany) and the other procedures were performed according to the CLSI recommendations. 11 P. aeruginosa ATCC 27853 was used as a control strain. After disk diffusion, Minimum Inhibitory Concentration (MIC) of the resistant isolates to both CZA and C/T in disk diffusion was measured. MIC was assessed using the microdilution broth method, according to the recommendations of CLSI. 11 Then, MIC of selected antibiotics including imipenem, ceftazidime, amikacin, aztreonam, and ciprofloxacin was evaluated against the resistant isolates to both CZA and C/T. In this assay, E. coli ATCC 25922 and P. aeruginosa ATCC 27853 were used as control strains.
Phenotypic Detection of ESBL Producer Isolates
All of the P. aeruginosa isolates that were resistant to ceftazidime-avibactam and ceftolozane-tazobactam by disc diffusion were selected for confirmation of ESBL production by Combination disk diffusion test (CDDT).
CDDT as the confirmatory test of disc diffusion was performed using ceftazidime (CAZ) or cefotaxime (CEF) discs alone and discs with these agents plus clavulanate (CAZ/CL and CEF/CL, respectively). An isolate was defined as ESBL-positive when a difference of at least 5 mm in the inhibition zones of CAZ/CL versus CAZ or CEF/CL versus CEF was obtained. E. coli ATCC 25922 and Klebsiella pneumoniae ATCC 700603 were used as non-ESBL and ESBL-producing strains, respectively.
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Metallo Beta-Lactamase (MBL) Phenotypic Test
Combination disk diffusion test (CDDT) was also used for phenotypic detection of Metallo Beta-Lactamase (MBL) producing isolates. In brief, 5 μL of 0.5 M EDTA (935µg) plus 10μg of imipenem were placed on the Muller Hinton agar plates which were inoculated with P. aeruginosa. After 18-24 h of incubation at 37°C, an isolate was considered as an MBL producer, if the growth inhibition zone was increased 7 mm or more in comparison with imipenem disk alone.
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Extraction of DNA and Molecular Analysis DNA was extracted from the cultured P. aeruginosa isolates using a DNA extraction kit (Roche, Germany) with regard to the kit protocols. Thereafter, the quality and quantity of the extracted products were checked by electrophoresis on agarose gel (Sigma, USA) and spectrophotometry (OD260/280 nm) to confirm the quality of products for the next stage. Polymerase chain reaction (PCR) was carried out to detect the presence of resistance genes including beta-lactamases (bla PER , bla CTX-M , bla GES , bla OXA2 , and bla OXA10 ) and carbapenemases genes (bla IMP , bla VIM , bla NDM , bla SPM , and bla OXA48 ) among ceftazidime-avibactam and ceftolozanetazobactam resistant isolates on a thermal cycler (Eppendorf, Germany). The primer sequences used in this study and the PCR conditions are detailed in Table 1 . Depend on the molecular size of PCR products, separation of the products was carried out on 1% to 2% agarose gel stained with ethidium bromide and visualized under UV light in a UV gel documentation box.
PFGE Analysis
Genomic analysis of resistant isolates to CZA and C/T was performed using the Pulse field gel electrophoresis (PFGE). Briefly, P. aeruginosa isolates were grown in Luria Bertani (LB) broth overnight at 37°C to reach the late exponential phase. Bacterial suspensions were adjusted to an optical density of 0.8-1 at 620 nm and mixed with low melting agarose (Sigma, USA) to make the agarose plugs. Plugs were then incubated in a buffer containing 0.5 M EDTA and 1% N-laurylsarcosine and incubated at 37°C. Agarose plugs were washed and digested with 10 U of SpeI restriction enzyme (Fermentas, Lithuania). Digested plugs were loaded on the agarose gels and electrophoresis was carried out in a CHEF-DR2 cell system (BioRad, USA) using a linear increase of pulse intervals for 20 h. Finally, the PFGE gels were stained with ethidium bromide and visualized using a gel documentation system. 20 
Statistical Analysis
Statistical data analysis was performed using the SPSS software version 19.0 for Windows (IBM, Chicago, USA). Chi-square and two-tailed Fisher ̓ s exact were among the used tests to assess and compare the relationships between the results in the isolates. P-value <0.05 was considered as significant for all statistical accounts.
Results
Bacterial Strains and Antibiotic Susceptibility results
In this study, a total of 200 P. aeruginosa clinical isolates were collected from the urine specimens of patients with UTI. Based on the susceptibility test results, 16 isolates (8%) were resistant to both ceftazidime-avibactam and ceftolozane-tazobactam. Among the resistant isolates, 11 (68.7%) were isolated from men and 5 (31.3%) from women with the age range 10 to 80 years and mean age of 31.63 ± 15.39 years old. Furthermore, of the 16 resistant isolates, 10 isolates were collected from hospital A and 6 from hospital B. The resistant isolates were recovered from inpatients (ICU: 5, Internal ward: 4, Neurology: 1, and Digestive ward: 1 isolate), and outpatients (5 isolates).
The resistance rates of the 16 isolates to other antibiotics are shown in Table 2 . In accordance with disk diffusion results, the most resistance among the ceftazidime-avibactam and ceftolozane-tazobactam resistant isolates belonged to cefoxitin (100%), cefotaxime (100%), aztreonam (100%), and nitrofurantoin (100%). In addition, the lowest resistance belonged to fosfomycin (62.5%) ( Table 2 ). The antibiotic resistance patterns of the 16 resistant isolates are mentioned in Table 3 .
The results of MIC also confirmed the resistance of the tested isolates in disk diffusion. According to the results, MIC range of 16 tested isolates for ceftazidime-avibactam, ceftolozane-tazobactam, imipenem, ceftazidime, amikacin, aztreonam, and ciprofloxacin was 16->32, 16->32, 1->64, 16->256, 16->256, 32->128, and 1-64 µg/mL, respectively. In addition, MICs for each tested isolate are shown in Table 4 .
Phenotypic Detection of ESBL by CDDT
The ESBL phenotypic screening by CDDT showed that among 16 ceftazidime-avibactam and ceftolozanetazobactam resistant isolates, 5 isolates (31.2%) were ESBL producers. Among the ESBL producers, 3 (60%) belonged to inpatients and 2 (40%) to outpatients. The rate of ESBLproducing isolates among different wards was Internal ward (2 isolates) and ICU (1 isolate). It was also observed that 4 
Phenotypic Detection of MBLs Using CDDT
In the present study, of 16 ceftazidime-avibactam and ceftolozane-tazobactam resistant isolates, 12 (75%) isolates were MBL producers as determined by CDDT. The majority of the MBL producing isolates were resistant to the examined antibiotics. Distribution of the 12 MBL producer isolates according to the hospital wards showed that 41.7% (n=5) of these isolates were collected from ICU, 25% (n=3) from the internal ward and 33.3% (n=4) isolates from outpatient. In the present study, the rate of MBL producer's isolates was higher at hospital A (58.3%) compared to hospital B (41.7%). In addition, 8 (66.6%) of MBL producer isolates were recovered from men and 4 (33.4%) from women.
Genomic Analysis
The results of PCR assay for 16 ceftazidime-avibactam and ceftolozane-tazobactam resistant isolates showed that all isolates (100%) contained bla OXA10 . Furthermore, the results of PCR showed that eight resistant isolates (50%) harbored bla VIM , five isolates (31.2%) harbored bla OXA48 , four isolates (25%) harbored bla OXA2 , two isolates (12.5%) contained bla CTX-M , two isolates (12.5%) harbored bla PER , and two isolates (12.5%) contained bla NDM , whereas none of the resistant isolates were positive for bla GES , bla IMP , and bla SPM genes. Distribution of the resistance genes among each isolate and their relationships with the production of ESBL and MBL are shown in Table 4 . Distribution of the resistance genes among the isolates showed that the isolates containing the resistance genes were collected at a higher rate from male than female patients. Furthermore, the majority of the isolates were among the MBL producer isolates.
PFGE Results
The ceftazidime-avibactam and ceftolozane-tazobactam resistant isolates from different patients were typed using PFGE. According to the genetic relatedness (defined as 85% band identity), they were grouped into 14 distinct pulsotypes (designated as pattern types A-N; Figure 1 ). When we compared the isolates in Figure 1 , two shared pulsotypes were found. The isolates related to pulsotype C were included two isolates with different phenotypically antibiotic resistance pattern but were closely related and both produced the MBL enzyme. One isolate related to pulsotype C had 2 different carbapenemase genes, including bla NDM and bla OXA48 that none of them were presented in the other isolate. Furthermore, two isolates in pulsotype J showed different antibiotic resistance patterns that phenotypically were negative for ESBL production. In addition, both bla OXA10 and bla OXA48 resistance genes were detected in two isolates in pulsotype J.
Discussion
From the past, the treatment of bacterial infections such as UTIs relied on the prescription of antibiotics from different classes. Today, because of the increasing antibiotic resistance among the causative pathogens, there are limited options for the treatment of these infections that some of them are among the uncommon or harmful antibiotics. Furthermore, the inadequacies in clinical data more complicated the challenge for proper antimicrobial treatment of these infections. 21, 22 Ceftazidime-avibactam and ceftolozane-tazobactam were released into the market on about 2015 as novel antibiotics to treat severe gram-negative infections such as MDR P. aeruginosa. In this regard, the results from several general investigations in the USA have shown that ceftazidime-avibactam has maintained its activity since its FDA approval in 2015. In contrast, the efficacy of other beta-lactam antibiotics, such as piperacillin-tazobactam and meropenem has decreased. [23] [24] [25] To the best of our knowledge, this study is the first report of the efficacy of CZA and C/T against P. aeruginosa isolated from UTI patients in Iran. The results could provide valuable information for clinicians and represent important data in the development of antibiotic therapy of UTI, especially about complicated UTI in Iran. In the present study, both CZA and C/T inhibited 92% of P. aeruginosa isolates. Thus, the results of this investigation could confirm the high activity of these compounds against P. aeruginosa isolated from UTI patients in Iran. Similar to our findings, in several studies conducted in the USA, CZA and C/T retained high activity against P. aeruginosa isolates that were resistant to routine antibiotics such as ceftazidime, cefepime, meropenem, and piperacillintazobactam. 23, 25 Furthermore, the high activity of CZA and C/ T is reported against P. aeruginosa collected from UTI patients and other complicated infections in Asia-Pacific region, Qatar, Israel, UK, Spain, and some of the other parts of Europe. [26] [27] [28] [29] In line with our expectations, it was also found that the resistant isolates to CZA and C/T showed high resistance to the other tested antibiotics from different classes. Among the tested compounds, fosfomycin showed the best in vitro activity against the CZA and C/T resistant isolates and may be an alternative to treat high resistant UTIs. Unlike this finding, Sader et al 23 demonstrated that in addition to the CZA and C/T, colistin showed the best activity against the tested isolates.
In accordance with one study in the USA, the susceptibility rates exhibited by both CZA and C/T in the present study were similar, 23 whereas a higher activity of C/T is shown as compared to CZA in the other studies. In this regard, Horn et al 26 observed that among ceftazidime and piperacillin-tazobactam resistant P. aeruginosa isolates, 88% and 66% isolates were sensitive to C/T and CZA, respectively. In the other study, Buehrle et al 30 reported that C/T was more active than CZA against 38 meropenem-resistant P. aeruginosa isolates (67% vs 33%). In a recent study by Humphries et al, 31 ceftazidime resistant P. aeruginosa isolates were shown to be 62% and 46% susceptible to C/T and CZA, respectively, and resistant isolates to 5 tested antibiotics were 57% and 28% susceptible to C/T and CZA, respectively. In accordance with our findings, the in vitro results from several studies showed that MIC for CZA was lower than the MIC obtained for ceftazidime alone that demonstrated the increased susceptibility of P. aeruginosa isolates to CZA compared to the ceftazidime alone. [32] [33] [34] Livermore et al 35 also evaluated the activity of C/T against a wide range of P. aeruginosa and found that MICs of C/T were two to eight folds lower than those for ceftazidime alone. Different mechanisms were reported for the resistance to CZA and C/T among the P. aeruginosa strains. The results of Mendes et al 36 identified that the resistance mechanism of P. aeruginosa isolates to CZA was related to the overexpression of AmpC, bla OXA10 , bla PER-1 , or their mixture. Because of the presence of bla OXA10 in all resistant isolates in the present study, it is likely that the presence of bla OXA10 gene has been one of the resistance mechanisms of the isolates. In the present study, the majority of resistant isolates to CZA and C/T with MIC=32 or >32 µg/mL produced both ESBL and MBL enzymes phenotypically that suggests there is a relationship between the production of the enzymes and resistance to CZA and C/T. The production of carbapenemases bla VIM and bla NDM among our isolates (50% and 12.5%) could be another resistance mechanism. 37 The results from the other studies also indicated that the resistant isolates to CZA usually employ several resistance mechanisms such as loss of OprD, overexpression of AmpC, MexCD-OprJ, MexAB-OprM, MexXY-OprM, and decreased permeability to these agents 38,39 which were not evaluated in this study.
The PFGE analysis indicated that there was a significant genomic diversity among the resistant P. aeruginosa isolates to CZA and C/T. There were only two identical pulsotypes (identity more than 85%) in the tested isolates. Similar to one study in Turkey, 40 we found that the isolates in shared pulsotypes (pulsotypes C and J) did not have similar antimicrobial resistance patterns. We followed the hospital records of the patients in pulsotypes C and J and found that both patients in pulsotype J (patients 9, a 49 years old man, and patient 10, a 25 years old woman) had been hospitalized in same ward (ICU) of one hospital (hospital A) on the same dates. Thus, it is likely that the hospitalization in one ward resulted in the cross-transmission of the resistant isolates between the two patients by the health-care personnel or other routes. The patients in pulsotypes C (patients 11, a 72 years old man, and patient 16, a 74 years old woman) had been referred as outpatients to hospital B on different dates to examine UTI by the laboratory tests. We found that the two patients had never been hospitalized in the past in the hospital and there was no contact between the two patients. Thus, according to the limited clinical information of the patients, the transmission route of the pulsotype between the two patients is unclear. This isolate could be transferred from the un-cleaned outpatient waiting room in the hospital by physical contact or other routes. Such studies demonstrated that improvements in the hospitals especially in special wards such as ICU, outpatient waiting rooms, and health care personnel are required to prevent or decrease the chance of transmitting resistant isolates in the hospitals and environments. Our study has several limitations. First, as the study was performed at two big hospitals in Tehran, Iran, there were limitations in obtaining all detailed clinical information of patients. Second, we could not follow the patients, especially the patients referred to the mentioned hospitals as outpatients, for a long time. This could be especially important about the analysis of the results obtained from identical pulsotypes in PFGE.
Conclusion
Ceftazidime-avibactam and ceftolozane-tazobactam showed high in vitro activity against a collection of P. aeruginosa isolated from patients with UTI in 2 Iranian hospitals. Thus, these agents could be valuable treatment options for UTIs caused by P. aeruginosa, especially isolates that are resistant to most antibiotics currently available. On the other hand, Iran is one of the countries in which the new antibiotics are used in limited medical centers; thus, the low rate of resistance to the antibiotics is alarming for hygienic systems and also will fail antibiotic stewardships. This should be considered to avoid further spreading of the antibiotic resistance among the P. aeruginosa and other bacteria in medical centers.
